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Introduction {#s1}
============

Survival within a community depends on several genetic and environmental factors that define which organisms will be able to maintain their reproductive cycle, while others stop their development. Within a single organism, this notion may also be applied to determined cells or tissues that are predestined to survive. What does determine this successful status, is an interesting question not always easy to solve. In plants, it is possible to consider some naturally occurring processes as selection mechanisms. For instance, many fruit species that produce abundant flowers are not able to support the growth of all fruits, and some of them are selected to continue their growth, with fruit abscission the selection mechanism involved. Fruit abscission, described as the physiological drop of fruitlets, allows to define how many fruits will persist, ensuring an adequate destination of photosynthates, water and ions. In fact, plants bearing a heavy fruit load per cluster show higher fruit abscission rates compared to plants with a small number of fruits [@pone.0111258-Bangerth1], indicating that there is a control of the fruit load and that abscission has a key role.

In plants, a set of hormones is responsible for the execution of specific responses. Since multiple and complex processes must be regulated, combinatorial interactions between hormones are required [@pone.0111258-Bennett1]. Antagonistic effects of ethylene and auxin have been reported for the abscission of flowers and fruits [@pone.0111258-Brown1]. While ethylene promotes abscission in several fruit species [@pone.0111258-Hilt1]--[@pone.0111258-Ruperti1], auxin on the other hand prevents abscission by retarding the activation of the so-called abscission zone (AZ) at the fruit pedicel [@pone.0111258-Bangerth1]. For instance, it has been shown that the formation of the AZ in the pedicel of tomato (*Solanum lycopersicum*) fruitlets in response to auxin depletion by flower removal is reversed by the application of indole-3-acetic acid (IAA) to the cut surface of the pedicel [@pone.0111258-Meir1]. Auxin and ethylene crosstalk controls fruit abscission through a mechanism involving modulation of ethylene sensitivity by polar auxin transport. Thus, maintaining a low level of ethylene sensitivity requires a constant polar supply of auxin to the pedicel AZ [@pone.0111258-Taylor1]. This supply comes from the developing fruit [@pone.0111258-Else1]--[@pone.0111258-Serrani1]. So, if the source of IAA is removed and the auxin gradient is altered, the AZ becomes sensitive to ethylene and abscission occurs [@pone.0111258-Bangerth1], [@pone.0111258-Sexton1], [@pone.0111258-Meir2]. At the molecular level, it has been shown that chemically induced abscission in apple (*Malus domestica* L.) fruitlets correlates with an increase in the transcript abundance of genes associated with ethylene perception and biosynthesis [@pone.0111258-DalCin1]. In tomato fruitlets, prior to and during pedicel abscission, an increase in the transcript abundance of genes coding for auxin and ethylene transcription factors has been reported [@pone.0111258-Meir1].

Abscission depends on many environmental and internal cues. Among internal cues, interaction between fruitlets is especially important, since it determines that some fruits -- "dominant fruits" -- develop earlier and have lower abscission rate compared to the other fruits -- "dominated fruits" -- and also exert a negative effect on them, which are more prone to abscise [@pone.0111258-Bangerth1]. Interestingly, "dominated fruits" show lower auxin export than "dominant fruits", and this is abolished by removal of dominant fruits [@pone.0111258-Gruber1]. Comprehensive molecular characterization of this phenomenon is scarce. The most recent example is a global expression analysis in which big apple fruitlets were compared with small young fruits [@pone.0111258-Botton1]. It was found that gene expression related to abscisic acid and ethylene signaling pathways were induced while that of gibberellin was down-regulated in small fruitlets chemically induced to abscise, compared with big fruitlets that were aided to persist by removing lateral fruitlets of the cluster. However, in this work, neither the connection between auxin flux and fruitlet abscission nor the molecular events associated with changes in fruitlet dominance due to polar auxin transport inhibition were assessed [@pone.0111258-Botton1].

Grapevine (*Vitis vinifera* L.) berries are non-climacteric fleshy fruits disposed in a cluster of several dozens of berries [@pone.0111258-Pratt1]. During the first two weeks of development, an abrupt increase in berry size due to cell multiplication and, to a lesser extent, to cell enlargement and occurs, which is known as fruit set [@pone.0111258-Coombe1], [@pone.0111258-Ojeda1]. During this time abscission occurs as well [@pone.0111258-Intrigliolo1], [@pone.0111258-Pratt2], correlating with an increase in ethylene content [@pone.0111258-Hilt1]. It has been shown that exogenous application of ethylene causes berry drop, demonstrating the role of this hormone in grapevine berry abscission [@pone.0111258-Bessis1], [@pone.0111258-Bessis2]. On the other hand, it is not known whether auxin, which is highly abundant in young berries [@pone.0111258-Bttcher1], is involved in the control of ethylene sensitivity during grapevine berry abscission. Considering that transgenic vines containing high IAA amounts in the ovules at fruit set produce more berries per cluster [@pone.0111258-Constantini1], it may be hypothesized that auxin could prevent berry abscission. Nevertheless, it is not known whether constant auxin export from the fruitlets leads to lower sensitivity to ethylene and hence to decreased abscission in grapevine berries.

In grapevine, flowering takes about four to seven days in a single cluster; thus, while some flowers are already developing into fruits, others are just opening in the same cluster. Hence, the aim of this work is to determine whether uneven flowering, resulting in berries with dissimilar developmental status, accounts for differences in abscission, and whether this is correlated with changes in polar auxin transport and ethylene-related gene expression. Although the connection between fruitlet abscission and polar auxin transport has been previously investigated, to date abscission variations associated with flowering time have not been assessed. This work provides new insight into the regulation of fruitlet abscission.

Results {#s2}
=======

Abscission and polar auxin transport in "first berries" compared to "late berries" {#s2a}
----------------------------------------------------------------------------------

Four berry categories were indentified within grapevine clusters using a tagging system ([Figure 1A](#pone-0111258-g001){ref-type="fig"}). For this, colored threads were tied around the pedicel the day the flowers opened ([Figure 1B](#pone-0111258-g001){ref-type="fig"}). This strategy allowed us to connect the berries to their flowering day and developmental status, with "first berries" those derived from flowers that opened the day that flowering started and "late berries" those derived from flowers that opened later on during the three following days. Berry volume measurements showed that size differences between berry categories can be detected as early as 10 days after flowering (DAF; [Figure 2A](#pone-0111258-g002){ref-type="fig"}). Although there were volume variations between first and late formed berries at 14 DAF, the most pronounced size differences were observed at 10 DAF. Note that berries were compared at the same developmental stage, *i. e.* the same time passed between bloom and the measurements. Interestingly, "first berries" at 10 DAF showed similar volume than "late berries" at 14 DAF, suggesting that "first berries" develop earlier than "late berries". It is worth to mention that there were no significant berry volume differences between all categories of "late berries", at both 10 and 14 DAF ([Figure 2A](#pone-0111258-g002){ref-type="fig"}). Therefore, the flowering order between "late berries" is not associated with size differences, but is crucial for volume variations observed between first and late formed berries.

![Berry categories identified according to flowering time.\
(A) Berry tagging with colored threads allowed to differentiate four categories within a grapevine cluster depending on the day the flowers opened. "First berries" (berry category 1) were those derived from flowers that opened the day that flowering started, *i. e.* day 1. "Late berries" were those derived from flowers that opened during days 2, 3 and 4 (berry categories 2, 3 and 4, respectively). Berry category 4 is also named as "last berries. Picture was taken 21 days after flowering (DAF), with 0 DAF the day when the first flower opened in the cluster. (B) Tagging was performed daily on flowers that had just open by putting colored threads around the pedicel.](pone.0111258.g001){#pone-0111258-g001}

![Berry size, abscission rate and polar auxin transport in "first berries" compared to "late berries".\
(A) Berry volume differences between berry categories 1, 2, 3 and 4 assessed at 10 and 14 DAF. (B) Abscission differences between berry categories 1, 2, 3 and 4 assessed at 12 DAF relative to 8 DAF (for berry number see [Table 1](#pone-0111258-t001){ref-type="table"}). (C) Basipetal auxin transport differences between berry categories 1, 2, 3 and 4 assessed at 10 and 14 DAF. Asterisk indicates that "first berries" are significantly different from "late berries". Significance was assessed using p value \<0.05 (n = 3). Error bars are STERR±. Comparisons were established between same age berries.](pone.0111258.g002){#pone-0111258-g002}

Grapevine berry abscission occurs the first two to three weeks after flowering [@pone.0111258-Intrigliolo1], [@pone.0111258-Pratt2], and is particularly marked around fruit set, the time when an abrupt increase in berry size takes place [@pone.0111258-Coombe1]. When each category of berries was separately analyzed for their ability to persist in the cluster, it was found that "first berries" practically did not abscise, while the rest of the berries had abscission values ranging between 10% and 30% at 12 DAF ([Figure 2B](#pone-0111258-g002){ref-type="fig"}). Thus, for abscission, as for berry size, "first berries" and "late berries" were significantly different. As polar auxin transport has been connected to abscission, we investigated whether variations in abscission rate correlated with differences in polar auxin transport capacity. In order to measure basipetal auxin transport across grapevine fruitlets, a drop of radiolabeled IAA was added into the apical surface of berries that were arranged on receiver agar discs. After an 8-h transport period, receiver agars discs were collected and accumulated radioactivity was measured. Percentage of total applied radioactivity present in the receiver agar discs was calculated to estimate auxin movement, and equals the percentage of radioactivity in receiver agars divided by the radioactivity in the berries plus in the receiver agars after the 8-h transport period. As expected, "first berries" showed the highest polar auxin transport percentage among all berry categories at 10 DAF ([Figure 2C](#pone-0111258-g002){ref-type="fig"}). At 14 DAF, polar auxin transport percentage was lower than at 10 DAF and did not show a clear pattern associated with berry category ([Figure 2C](#pone-0111258-g002){ref-type="fig"}). It should be noted that there were no differences in polar auxin transport percentage between "late berries" ([Figure 2C](#pone-0111258-g002){ref-type="fig"}).

Ethylene-related transcript abundance and ethylene content in "first berries" compared to "last berries" {#s2b}
--------------------------------------------------------------------------------------------------------

It is well known that high polar auxin transport across the pedicel is associated with fruit abscission prevention through an ethylene desensitization mechanism [@pone.0111258-Bangerth1], [@pone.0111258-Sexton1], [@pone.0111258-Meir2]. Therefore, we were interested in determining whether the observed differences in polar auxin transport between berries at 10 DAF could be associated with differences in ethylene-related gene expression. Hence, we compared the relative transcript abundance of ethylene perception- and biosynthesis-related genes between "first berries" and "last berries", which are those berries derived from flowers that opened the day that flowering ended ([Figure 3](#pone-0111258-g003){ref-type="fig"}). The relative transcript abundance of the putative ethylene receptors, *VvETR1* and *VvERS2*, similar to Arabidopsis *ETHYLENE-RESPONSE-FACTOR1* (*ETR1*) and *ETHYLENE-RESPONSE-SENSOR1* (*ERS1*), respectively, was significantly higher in "last berries" than in "first berries", while transcript abundance of the putative ethylene receptor *VvETR2*, which is similar to Arabidopsis *ETHYLENE-RESPONSE-FACTOR2* (*ETR2*), did not change significantly between "first berries" and "last berries" ([Figure 3A](#pone-0111258-g003){ref-type="fig"}). We also found that the relative transcript abundance of the putative negative regulator of the ethylene signaling, *VvCTR1*, similar to *CONSTITUTIVE-TRIPLE-RESPONSE1* (*CTR1*), was significantly higher in "last berries" than in "first berries" ([Figure 3A](#pone-0111258-g003){ref-type="fig"}). The relative transcript levels of the putative ethylene transcription factors, *VvEIN3* and *VvERF12*, similar to Arabidopsis *ETHYLENE-INSENSITIVE3* (*EIN3*) and *ETHYLENE-RESPONSIVE-FACTOR12* (*ERF12*), respectively, that could be involved in the transcription control of ethylene responsive genes, were found to be significantly higher in "last berries" than in "first berries" ([Figure 3A](#pone-0111258-g003){ref-type="fig"}). These results show that genes possibly involved in ethylene perception are more expressed in "last berries" than in "first berries". This is associated with the high abscission percentage and low polar auxin transport capacity observed in "last berries".

![Transcript abundance of ethylene perception- and biosynthesis-related genes in "first berries" compared to "last berries".\
(A) Transcript abundance of *VvETR1, VvETR2, VvERS2, VvCTR1, VvEIN3, VvERF12* genes assessed in first and last formed berries at 12 DAF. (B) Transcript abundance of *VvACO3, VvACS, VvACS1* and *VvACS3* assessed on first and last formed berries at 12 DAF. Transcript abundance is relative to the mean expression of the constitutive genes *VvUBI1* and *VvGPDH* (for more details, see [Material and Methods](#s4){ref-type="sec"} section). Significance was assessed using p value \<0.05 (n = 3). Asterisk indicates that differences are significant between "first berries" and "last berries" for each gene analyzed. Error bars are STERR±.](pone.0111258.g003){#pone-0111258-g003}

A positive feedback allowing amplification of ethylene signal has been reported, in which increased ethylene biosynthesis follows activation of the ethylene response [@pone.0111258-Barry1]--[@pone.0111258-Petruzzelli1]. Four putative ethylene biosynthetic genes, *VvACS*, *VvACS1* and *VvACS3*, coding for aminocyclopropane-1-carboxylate (ACC) synthases, and *VvACO3*, coding for an ACC oxidase, were found to be expressed at 12 DAF. The transcript levels of *VvACS1* and *VvACS3*, similar to Arabidopsis *1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASES* (*ACSs*), were significantly higher in "last berries" than in "first berries". On the other hand, *VvACS* and *VvACO3*, similar to Arabidopis *1-AMINOCYCLOPROPANE-1-CARBOXYLATE OXIDASEs* (*ACOs*), transcript abundance did not change significantly between first and last formed berries ([Figure 3B](#pone-0111258-g003){ref-type="fig"}). These results are in agreement with measurements of ethylene evolution in both berry categories from 10 to 21 DAF ([Figure 4](#pone-0111258-g004){ref-type="fig"}), showing that "last berries" have higher ethylene content than "first berries" during the abscission time (10 DAF and 14 DAF) and even when abscission was over (21 DAF). Ethylene content in "first berries" at 14 DAF is 0.05 µL per gram of fresh tissue, which is about 6 times higher than reported for grapevine berries at fruit set [@pone.0111258-Hilt1]. Interestingly, in "last berries" ethylene content is more than two orders of magnitude higher, which is correlated with their higher abscission percentage. In summary, low abscission in "first berries" is associated with increased polar auxin transport, reduced transcript abundance of ethylene perception- and biosynthesis-related genes and low ethylene content. The opposite was observed for "last berries", which are more prone to abscise.

![Ethylene content in "first berries" compared to "last berries" during and after the abscission period.\
Ethylene content in "first berries" and "last berries" measured at 10, 14 and 21 DAF. Asterisk indicates that differences are significant between "first berries" and "last berries". n.d., not detected. Significance was assessed using p value \<0.05 (n = 3). Error bars are STERR±.](pone.0111258.g004){#pone-0111258-g004}

Effect of disrupting auxin flux in "first berries" on ethylene-related transcript abundance and abscission {#s2c}
----------------------------------------------------------------------------------------------------------

Low transcript abundance of genes involved in ethylene perception and biosynthesis was detected in "first berries" compared with "last berries" ([Figure 3](#pone-0111258-g003){ref-type="fig"}), correlated with low abscission rate and high percentage of polar auxin transport ([Figure 2](#pone-0111258-g002){ref-type="fig"}). Thus, we investigated whether auxin transport inhibition in "first berries" results in an increase in abscission, under the assumption that ethylene perception should be increased in response to impaired polar auxin transport. For this, first berries were treated with the auxin transport inhibitor, N-1-naphthylphthalamic acid (NPA), and changes in the transcript abundance of perception- and biosynthesis-related genes and in the abscission rate were assessed. It was found that relative transcript abundance of ethylene perception-related genes, *VvETR1*, *VvETR2*, *VvEIN3*, and *ERF12* was significantly increased in NPA-treated "first berries" compared to untreated "first berries", with the transcript abundance of *VvCTR1* and *VvERS2* genes not affected by the treatment ([Figure 5A](#pone-0111258-g005){ref-type="fig"}). Auxin transport impairment also affected transcript relative levels of ethylene biosynthesis-related genes, with *VvACS1* and *VvACS3* induced by the NPA treatment ([Figure 5B](#pone-0111258-g005){ref-type="fig"}). As shown in [Figure 5C](#pone-0111258-g005){ref-type="fig"}, polar auxin transport impairment caused by NPA treatment, resulted in a slight but significant increase in abscission percentage, indicating that polar auxin transport across the berry is required to reduce abscission. Altogether these results suggest that the ability of "first berries" to persist in a cluster is based on the capacity to sustain polar transport of auxin, which is associated with changes in the expression of genes involved in ethylene biosynthesis and perception.

![Transcript abundance of ethylene perception- and biosynthesis-related genes in "first berries" impaired in polar auxin transport.\
(A) Effect of blocking polar auxin transport at 14 DAF using 50 µM N-1-naphthylphthalamic acid (NPA) on transcript abundance of *VvETR1, VvETR2, VvERS2, VvCTR1, VvEIN3, VvERF12* genes assessed 2 days post treatment (DPT), at 16 DAF. (B) Effect of blocking polar auxin transport at 14 DAF using 50 µM NPA on transcript abundance of *VvACO3, VvACS, VvACS1* and *VvACS3* genes assessed 2 DPT, at 16 DAF. Transcript abundance is relative to the mean expression of the constitutive genes *VvUBI1* and *VvGPDH* (for more details, see [Material and Methods](#s4){ref-type="sec"} section). (C) Effect of blocking polar auxin transport at 14 DAF on abscission using 50 µM NPA assessed 2 DPT, at 16 DAF. Treatment was done immediately after berry number per cluster was registered, and remaining berries were registered for percentage (%) of berry abscission estimation (for berry number see [Table 2](#pone-0111258-t002){ref-type="table"}). Only "first berries" were analyzed. Asterisk indicates that differences are significant between NPA-treated and control berries. Significance was assessed using p value \<0.05 (n = 3). Error bars are STERR±.](pone.0111258.g005){#pone-0111258-g005}

Discussion {#s3}
==========

It is well known that a polar auxin transport dependent ethylene sensitization mechanism controls fruit abscission [@pone.0111258-Bangerth1]. However, the molecular basis of this mechanism, regarding polar auxin transport and sensing, and induction of ethylene perception, is beginning to be unraveled. Recent work in tomato fruits has shed light into genes involved in the AZ formation [@pone.0111258-Meir1]. It was shown that auxin depleted fruitlets were more prone to abscise due to a decrease in polar auxin transport capacity. This was related to an up-regulation of genes involved in ethylene biosynthesis and perception, as well as an alteration in the expression of auxin and ethylene-related transcription factors in auxin depleted fruitlets. In sum, auxin and ethylene were found to be important for abscission, controlling AZ formation. However, in this work the natural ability of some fruitlets to persist and the propensity of others to abscise were not assessed. Recently, comparisons at the molecular level between small abscising and big persisting apple fruitlets were performed [@pone.0111258-Botton1]. In order to clearly differentiate these two types of fruits, some plants were treated to induce fruitlet abscission while others were manipulated to prevent abscission of big fruits. Differences in the expression of genes belonging to ethylene, abscisic acid and gibberellin pathways were found. However, it was not evaluated whether changes in polar auxin transport could explain the observed differences, despite it is well known that this is associated with fruit dominance [@pone.0111258-Bangerth1].

In the present work, we compared abscising and persisting young grapevine berries, which were differentiated by the order they started their development, *i. e.* the day the flowers opened. To our knowledge, this approach has not been utilized previously for studying differences in abscission between fruits. It is important to mention that \"first berries\" and \"late berries\" were analyzed at the same developmental stage. It is also worth noticing that the comparisons between berries were done within the clusters and hence, all the categories that were analyzed received similar nutrient and hormone input from the plant and were under the same genetic background and environmental influence.

In this work it was found that flowers that opened the first day developed into bigger and more persistent berries than those derived from flowers that opened the following days ([Figure 2A](#pone-0111258-g002){ref-type="fig"}, [Figure 2B](#pone-0111258-g002){ref-type="fig"}). This suggests that "first berries" are "dominant" over "late berries". It is possible to hypothesize that one of the features involved in this dominance status could be auxin transport. As shown in this work, polar auxin transport is important for preventing abscission, since its impairment in "first berries" causes berry drop and also changes in ethylene-related gene expression ([Figure 5](#pone-0111258-g005){ref-type="fig"}). The ability to persist of "first berries" during the abscission period was correlated with high polar auxin transport, while abscission in "late berries" was correlated with decreased auxin export ([Figure 2C](#pone-0111258-g002){ref-type="fig"}). So, it is possible that in "late berries" auxin retention within the fruit or the lack of a constant auxin flux through the pedicel could be triggering abscission. It is worth to mention that at 14 DAF polar auxin transport is lower than at 10 DAF and there are no significant differences between first and late formed berries regarding auxin export. The explanation for this could be that in cv Perlon the abscission process at this time is ending, as previously reported in cv Concord [@pone.0111258-Intrigliolo1], and therefore polar auxin transport at 14 DAF could be less required than at 10 DAF.

High polar auxin transport was shown to be correlated with reduced transcript abundance of some ethylene biosynthesis- and perception-related genes in "first berries" compared to "last berries" ([Figure 3](#pone-0111258-g003){ref-type="fig"}). In the case of *VvCTR1* gene, its gene induction in "last berries" was not expected, since it is a putative negative regulator of the ethylene pathway, therefore increased transcript abundance should be associated with lower ethylene response. A possible explanation is that there is a feedback mechanism resulting in the induction of this gene in order to dampen the ethylene response. This makes sense, considering that abscission is a transient process and once it has occurred the ethylene response must be shut down. In grapevine berries treated with ethylene during ripening it is also observed an increase in *VvCTR1* transcripts [@pone.0111258-Chervin1], suggesting a role for this gene in a damping mechanism during this stage. We also observed an increase in the transcript abundance of two putative ethylene receptors, *VvETR1* and *VvERS2*, which are also putative negative regulators of the ethylene response. Although in theory, increased levels of receptor should result in a decrease in ethylene sensitivity, in all the ethylene responses observed only increases in receptor transcript abundance have been reported [@pone.0111258-Ciardi1]. This can also be interpreted as a damping mechanism, as in the case of *VvCTR1*. Grapevine berries treated with ethylene at the onset of ripening also show an increase in the transcript abundance of these putative receptor genes [@pone.0111258-Chervin1]. In peach (*Prunus persica*) and apple (*Malus domestica*) fruits, there are differences in the response to 1-MCP, a strong antagonist of ethylene for receptor binding sites. While this compound delays ripening in apple, it has a limited effect on slowing ripening in peach. Interestingly, these differences were correlated with different expression patterns of *ETR1*, *ERS1* and *CTR1* genes, which were unaffected by 1-MCP treatment in peach, while they were down-regulated in apple [@pone.0111258-DalCin2], suggesting that the expression level of these genes might be connected with the degree of the ethylene response. In this regard, it is possible to hypothesize that 1-MCP is effective in delaying ripening in apple due to the inhibition of the ethylene response, and hence inactivation of damping mechanisms should occur as a consequence. This might explain the decrease in *ETR1*, *ERS1* and *CTR1* gene expression in apple, which are putative negative regulators. In contrast, the limited effect of 1-MCP on ripening in peach might explain why the expression of these genes does not change significantly. Nevertheless, more investigation is needed in order to unravel the connection between the expression of these genes and the sensitivity to ethylene, considering that there are several factors involved in its regulation. Finally, there was an increase in the transcript abundance of the putative transcription factors, *VvEIN3* and *VvERF12* in "last berries" compared to "first berries" ([Figure 3A](#pone-0111258-g003){ref-type="fig"}). In apple fruits, 1-MCP treatment results in down-regulation of several *EINs* and *ERFs* genes [@pone.0111258-Yang1], suggesting a positive correlation between the expression of these genes and the ethylene response. It is worth to mention that also post-transcriptional regulation could have a role in the control of ethylene sensitivity by regulating the abundance of EIN3 protein. In this regard, it has been reported that ubiquitination of AtEIN3 mediated by Arabidopsis F-box proteins EBF1 and EBF2 represses ethylene response, resulting in growth promotion [@pone.0111258-Gagne1].

The transcript abundance of the putative ethylene biosynthetic genes, *VvACS1* and *VvACS3*, was higher in "last berries" compared to "first berries" ([Figure 3B](#pone-0111258-g003){ref-type="fig"}), supporting the idea of enhanced ethylene response in "last berries". In apple, reduced expression of *ACS1*, *ACO1* and *ACO2* occurs when ripening is inhibited by 1-MCP treatment, suggesting that when the ethylene response is affected the expression of genes involved in the production of ethylene decreases [@pone.0111258-Yang1]. In line with this idea, higher expression of putative ethylene biosynthetic genes might be a consequence of a more activated ethylene response in "last berries". This is consistent with higher ethylene content measured in "last berries" compared with "first berries" ([Figure 4](#pone-0111258-g004){ref-type="fig"}). In summary, it is possible to suggest that if an increase in ethylene sensitivity in "last berries" is indeed occurring, then several ethylene responses might be activated, and one of these could be the biosynthesis of ethylene. Supporting this idea, an amplification mechanism has already been reported [@pone.0111258-Barry1]--[@pone.0111258-Petruzzelli1].

At this point it is worth to mention that "last berries" have higher area/volume ratio, so that differences in the transcript abundance could be due to skin-specific gene expression. In order to determine whether the analyzed genes are expressed preferentially in the skin or in the flesh, data of transcriptomic studies performed on grapevine berry tissues [@pone.0111258-Lijavetzky1], [@pone.0111258-Grimplet1] were analyzed. It was found that *EIN3* gene and several *ERF* genes were up-regulated in the skin [@pone.0111258-Lijavetzky1], which suggests that higher levels of *VvEIN3* and *ERF12* transcripts found in "last berries" ([Figure 3A](#pone-0111258-g003){ref-type="fig"}) could be due, at least in part, to their enrichment in the skin. Conversely, an *ACS* coding transcript showed higher abundance in the flesh at pre-veraison [@pone.0111258-Lijavetzky1]. If its expression only depends on the tissue type it would be expected lower levels of *VvACS* transcripts in "last berries". However, *VvACS* did not change between "first berries" and "last berries", and *VvACS1* and *VvACS3* transcript abundance was higher in "last berries" ([Figure 3B](#pone-0111258-g003){ref-type="fig"}), suggesting that flowering time could be a relevant factor influencing their expression. On the other hand, an *ETR2* gene and several *ACO* genes were up-regulated in the skin [@pone.0111258-Lijavetzky1]. However, there were no differences in the accumulation of their transcripts between "first berries" and "last berries", suggesting that flowering time could control the expression of these genes. In another transcriptomic study, an ethylene receptor gene was similarly expressed in skin and pulp [@pone.0111258-Grimplet1]. Regarding the *CTR1* gene, its transcript abundance was higher in the skin [@pone.0111258-Lijavetzky1] or similar in the skin and in the flesh [@pone.0111258-Grimplet1], hence it is not clear whether skin-specific gene expression influences the transcript abundance of this gene. In summary, tissue-specific gene expression may account, at least in part, for differences in expression between "first berries" and "last berries", but it does not exclude flowering time as an important factor underlying expression variation of some of the genes analyzed between berry categories.

Auxin transport inhibition in "first berries" resulted in increased transcript abundance of at least some ethylene biosynthesis- and perception-related genes ([Figure 5](#pone-0111258-g005){ref-type="fig"}), which was similar to that of "last berries" ([Figure 3](#pone-0111258-g003){ref-type="fig"}). This suggests that the transcript abundance of these genes is regulated by the auxin flux. Such is the case of *VvETR1*, *VvEIN3*, *VvERF12*, *VvACS1* and *VvACS3*, whose expression was high in "last berries" and also in NPA-treated "first berries", where ethylene sensitivity is supposed to be increased. One noticeable exception was the gene coding for a putative receptor, *VvERS2*. This gene was induced in "last berries" compared to "first berries" ([Figure 3A](#pone-0111258-g003){ref-type="fig"}), but NPA treatment did not affect its transcript abundance ([Figure 5A](#pone-0111258-g005){ref-type="fig"}), suggesting that this gene is under the control of other mechanisms that are not sensitive to auxin flux sensing. The phytohorme gibberellin plays a central role during initial fruit development by triggering flower-to-fruit conversion and increasing fruit size [@pone.0111258-DeJong1]. In grapevine, it is well known the use of this hormone as a thinning compound when applied at bloom or post-bloom [@pone.0111258-Dokoozlian1], therefore gibberellin could be underlying the differences in *VvERS2* expression between "first berries" and "last berries" at 12 DAF, considering that the highest levels of bioactive gibberellin have been reported around this time in grapevine berries [@pone.0111258-Prez1].

The present work demonstrates that "first berries" developed earlier and abscised less than "late berries", and that these variations were related to auxin transport capacity. However, there were no significant differences between "late berries". Hence, we hypothesized that berries originated from flowers that opened the first day exert a strong negative effect over the rest, while these less developed berries exert such a negative effect neither between them nor over "first berries". This negative effect could be achieved by the release of negative signals by first developed flowers or berries. It is well known that after pollination there is an ethylene burst, as shown in other plant models [@pone.0111258-ONeill1], so we hypothesize that ethylene produced by flowers that open first is perceived by the flowers that are starting to open. Flowers also increase auxin levels in response to pollination, as it has been previously shown in tomato [@pone.0111258-Mariotti1]. As opened flowers contain more auxin than still closed flowers and considering that auxin activates its own transport [@pone.0111258-Nick1], [@pone.0111258-Vieten1], flowers that open first should quickly start to transport auxin toward the pedicels. Auxin export from the fruit has already been reported [@pone.0111258-Else1], [@pone.0111258-Serrani1]. Auxin transport activation in first flowers and berries could be associated with a decrease in ethylene sensitivity ([Figure 6](#pone-0111258-g006){ref-type="fig"}). On the other hand, ethylene represses polar auxin transport, as previously shown [@pone.0111258-Morgan1]--[@pone.0111258-Buer1], thus ethylene might maintain polar auxin transport inactivated in "late berries". Differences in auxin transport between fruits have already been reported in cherry (*Prunus avium*), which correlates with their abscission rate [@pone.0111258-Else1]. Interestingly, an amplification mechanism where ethylene activates its own biosynthesis has been described [@pone.0111258-Arteca1], [@pone.0111258-Wang1]. Taking into account this positive feedback mechanism, it may be suggested that ethylene perceived by "late berries", where ethylene perception and signaling elements are more abundant, would even more increase its own concentration compared to "first berries". In summary, we propose that early in berry development, *i. e.* few days after pollination, "first berries" have high polar auxin transport and low ethylene sensitivity, while the rest of the flowers and berries have low polar auxin transport and hence are sensitive to ethylene produced by themselves and by "first berries" ([Figure 6](#pone-0111258-g006){ref-type="fig"}). Furthermore, ethylene might in turn inhibit polar auxin transport, as previously shown [@pone.0111258-Morgan1]--[@pone.0111258-Buer1], explaining why polar transport of auxin is lower in "late berries" compared to "first berries" around 10 DAF, in concomitance with higher ethylene content ([Figure 2C](#pone-0111258-g002){ref-type="fig"}, [Figure 4](#pone-0111258-g004){ref-type="fig"}).

![Proposed model for explaining differences in abscission between "first berries" and "late berries".\
Flowering is associated with IAA and ethylene content increase, so flowers that open first may have higher content of these hormones than unopened flowers. IAA activates polar auxin transport (PAT), as shown in many plant species, so we propose that flowers that will originate "late berries" may have lower PAT than flowers that will originate "first berries", and as a consequence "late berries" may have higher ethylene sensitivity (Eth S), which is associated with the activation of ethylene responses, such as the abscission zone formation. "First berries" should be unaffected by ethylene since they have high PAT and this might explain why abscission rate is lower in "first berries" than in "late berries", when they are compared at the same developmental stage (red outlined boxes).](pone.0111258.g006){#pone-0111258-g006}

This work provides evidence showing the occurrence of variations in the ability to avoid early abscission in grapevine fruits, possibly through modulation of ethylene response by polar auxin transport. We analyzed whole berries since signals generated in them could be necessary for controlling molecular events occurring in the AZ. Differences between first developed berries and "last berries" regarding polar auxin transport, ethylene-related transcript abundance and ethylene content were observed and correlated to abscission variations between berries. Interestingly, when polar auxin transport was blocked in "first berries" they were more prone to abscise, indicating that auxin export is required for maintaining low abscission rate in these berries. To our knowledge, this is the first time that differences in abscission between first originated fruits and late fruits are investigated in terms of polar auxin transport and ethylene-related gene expression.

Materials and Methods {#s4}
=====================

Experimental design, berry tagging and sampling {#s4a}
-----------------------------------------------

Grapevine plants (*Vitis vinifera* L. cv Perlon) were selected from an experimental field located in the Curacaví Valley, Chile (GPS coordinates 33° 24′02.48″S, 71° 03′18.40″W), during the 2012/2013 growing season. The field trial did not require special permission and field studies did not involve endangered or protected species.

Grapevine clusters bearing approximately 500 flowers were used. Nine clusters were randomly selected from three plants in order to study naturally occurring variations between berries. Additionally, twelve clusters were randomly selected from three plants for assessing the effect of blocking polar auxin transport, with six clusters treated with 50 µM N-1-naphthylphthalamic acid (NPA) in a lanoline/vaseline (1∶3) mix and six clusters treated with control solution (lanoline/vaseline (1∶3) mix). Treatments with NPA were performed at 14 days after flowering (DAF) and berries were collected 2 days post treatment (DPT), at 16 DAF. In all cases the entire berry, including its pedicel, was covered with a thin layer of lanoline/vaseline (1∶3) mix.

In order to differentiate first and late formed berries according to the flowering order, a flower tagging system was adapted from [@pone.0111258-Friend1]. In brief, opened flowers in a cluster were tagged daily with different colored threads that were knotted around the pedicel, using one color per day. This allowed to distinguish four categories of berries per cluster. Berries derived from flowers that opened the day that flowering started, *i. e.* day 1, correspond to "berry category one (1)" named as "first berries"; berries derived from flowers that opened the second, third and fourth day of flowering, correspond to berry categories two (2), three (3) and four (4) respectively, named as "late berries". Berries belonging to category 4 are also named as "last berries", since a negligible number of flowers opened the days that followed day 4.

For berry sampling three biological replicates were used, where a biological replicate is composed of a pool of berries. For polar auxin transport and berry volume estimation, 6 berries per cluster were selected. For RNA extraction and ethylene measurements 0.5 g of berries per cluster were used. For abscission rate estimation, berries tagged with same color within a cluster were registered. Sampling was performed at the same hour of the day (between 10 am and 2 pm).

Volume and abscission estimation {#s4b}
--------------------------------

Berry volume was assessed at 10 and 14 DAF for each of the four berry categories. For berry volume estimation, the transversal and longitudinal diameters (TD and LD, respectively) were measured using a caliper. Next, average diameters were used for berry volume estimation according to the [equation 1](#pone.0111258.e001){ref-type="disp-formula"}:

For berry abscission estimation at 12 DAF, berry number per category within each cluster was registered by counting the same color threads that were tied to the pedicels. Berry number register was performed at 8 and 12 DAF, with berry number at 8 DAF set as 100%. Then, relative abscission percentage (%) was estimated according to [equation 2](#pone.0111258.e002){ref-type="disp-formula"}:

Where *Berry n°* corresponds to the same color tagged berries registered within a cluster. Two technical replicates and three biological replicates were used. To estimate berry abscission % in NPA experiment, berry number within each cluster was registered at 14 and 16 DAF in NPA-treated and control berries. [Equation (2](#pone.0111258.e002){ref-type="disp-formula"}) was used, with berry number at 16 DAF set as 100%. The values of all replicates are shown in [Tables 1](#pone-0111258-t001){ref-type="table"} and [2](#pone-0111258-t002){ref-type="table"}.

10.1371/journal.pone.0111258.t001

###### Berry number per cluster at 8 and 12 DAF in categories 1, 2, 3 and 4.

![](pone.0111258.t001){#pone-0111258-t001-1}

                8 DAF               12 DAF                                    
  ------- ---- ------- ----- ----- -------- ----- ---- ---- ----- ----- ----- -----
  **1**    52    50     149   143    137     143   49   48   133   139   138   124
  **2**    83    93     92    98     118     116   70   66   78    82    101   102
  **3**    95    103    113   119    184     178   74   72   89    87    158   164
  **4**    66    64     95    106    143     137   35   36   62    64    99    92

R1--R3, biological replicates. T1--T2, technical repetitions.

10.1371/journal.pone.0111258.t002

###### Berry number per cluster at 14 and 16 DAF in NPA (N) and control (C) treatments performed at 14 DAF.

![](pone.0111258.t002){#pone-0111258-t002-2}

           14 DAF   16 DAF                                                      
  ------- -------- -------- ----- ----- ----- ----- ---- ---- ----- ----- ----- -----
  **N**      47       45     85    86    56    57    41   38   75    72    39    38
  **C**      53       51     133   136   126   128   51   48   118   120   112   110

R1--R3, biological replicates. T1--T2, technical repetitions.

Polar auxin transport measurements {#s4c}
----------------------------------

Tritium-labeled Indole-3-acetic acid (\[5-^3^H\]IAA, specific activity 50.55 TBq mmol^−1^, concentration 1 mCi mL^−1^, American Radiolabeled Chemicals Inc.) was diluted 1∶10 times in pure ethanol, to a final \[5-^3^H\]IAA concentration of 4 µM. Polar auxin transport experiment was adapted from [@pone.0111258-Else1], to measure auxin transport across the berries instead of the pedicels. In brief, berries were excised at the distal end of the pedicel for sampling. Next, the pedicels were removed from the berries under deionized water, using a sharp razor blade, and a 0.5 mm diameter hole was made in the apical surface of the berries, for the \[5-^3^H\]IAA drop. Then, each berry was put with its basal side in contact with a receiver agar disc (1.5% (w/v) agar-agar (Merk), 0.2% (w/v) MES (Sigma-Aldrich), in a final volume of 300 µL at pH 5.5) placed on a 24 well tissue culture plate (Sigma Aldrich). After adding a 0.2 µL drop of \[5-^3^H\]IAA into the hole at the apical surface of each berry, the plate was covered and berries were incubated for 8 hours at 22°C. A humid paper towel was fixed to the cover, in order to avoid dehydration. After incubation, agar discs and berries were homogenized in 2 mL of 80% methanol and kept at 4°C with overnight agitation. The accumulated radioactivity in the receiver agar discs was determined by radioactive scintillation counting of disintegrations per minute (DPM) in a liquid scintillation analyzer (Beckman Ls6500), using a vial containing 3 mL of OptiPhase HiSafe 3 (Perkin-Elmer), as liquid scintillation cocktail. Results were expressed as percentage (%) of polar auxin transport and were corrected by volume and contact surface in order to cancel size differences, according to the [equation 3](#pone.0111258.e003){ref-type="disp-formula"}, adapted from [@pone.0111258-Liu1]:

Where *DPM acc* is the accumulated radioactivity in the receiver agar discs after 8 hours of incubation and *DPM app* is the total applied radioactivity, and equals the radioactivity in the receiver agar discs plus the radioactivity in the berries after 8 hours of incubation. *Volume* is obtained using berry volume [equation (1](#pone.0111258.e001){ref-type="disp-formula"}), and *R* is the radius of the contact surface in a transversal cut. For acropetal transport assessment, the radioactive drop was added to the berry-pedicel junction and the berry was placed with its apical surface in contact with the agar disc. In order to determine whether auxin transport is polar, 50 µM NPA in a lanoline:vaseline (1∶3) mix, was added *in planta* 24 hours prior to the auxin transport experiment. Acropetal and NPA controls were around 30% and 50% of basipetal transport, respectively (unpublished observations), similar to previously reported in Arabidopsis seedlings [@pone.0111258-Liu1]. Basipetal transport quantifications were not corrected by these values.

Ethylene content measurements {#s4d}
-----------------------------

Immediately after sampling, berries were enclosed in 2 mL tubes with screw lids, one tube per replicate. Tubes were maintained at 22°C for three hours and then heated at 100°C for 90 min in order to release remaining ethylene out of the berries [@pone.0111258-Hilt1]. After cooling, 1 mL of air sample was withdrawn from the headspace using a syringe, and ethylene content was quantified using a Photovac 10s Plus gas chromatograph (Photovac, Markham), equipped with a photoionization detector. Ethylene content in a tube with no vegetal material was measured and set as zero for normalization.

RNA extraction and cDNA synthesis {#s4e}
---------------------------------

Total RNA was extracted from 0.5 g of a pool of seven to ten berries selected from a bunch. Extraction was performed using a modified CTAB-Spermidine extraction method, as previously described [@pone.0111258-Poupin1]. RNA was treated with Ambion TURBO DNA-free DNase, according to the manufacturer\'s instructions. RNA concentration and purity was assessed using a Thermo Scientific NanoDrop ND-1000 spectrophotometer, where A260/A280 ratio values between 1.8 and 2.0 and A260/A230 ratio values \>2.0 were considered acceptable. RNA integrity was evaluated by performing routine electrophoresis in a denaturing MOPS buffer/formaldehyde gel. For all samples two sharp bands (28S rRNA and 18S rRNA) were observed. For cDNA synthesis, total RNA (1.5 µg) was reverse transcribed with random hexamer primers using SuperScript II reverse transcriptase (Invitrogen), according to the manufacturer\'s instructions.

Quantitative analysis of transcript abundance {#s4f}
---------------------------------------------

Real time RT-qPCR was performed using a MX3000P detection system (Stratagene), as previously described [@pone.0111258-Dauelsberg1], and the SensiMix Plus SYBR commercial kit (Quantace) was utilized, according to the manufacturer\'s instructions. A fragment of the grapevine *VvGPDH* gene (*VvGLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE*, GI: 359491598) [@pone.0111258-Vega1] and a fragment of the grapevine *VvUBI1* gene (*VvUbiquitin1*, TC53702, TIGR database) [@pone.0111258-Downey1] were utilized as housekeepings genes. In order to estimate relative transcript abundance values, a ratio between the expression of the gene of interest (*GOI*) and the geometric mean of the expression of the housekeeping genes, *VvGPDH* and *VvUBI1*, was generated according to the [equation 4](#pone.0111258.e004){ref-type="disp-formula"}:

Where E corresponds to each primer amplification efficiency value. Ct values, relative quantities and normalized relative quantities for *VvGPDH* and *VvUBI1* in categories 1 and 4 and in NPA and control treatments are given in [Table S1](#pone.0111258.s001){ref-type="supplementary-material"}. qPCR conditions, standard quantification curves for each gene and E values were conducted according to [@pone.0111258-Poupin1]. All experiments were performed using three biological replicates (three bunches coming from three different plants) and three technical replicates.

RT-qPCR primer sequences for *VvETR1* (*Vitis vinifera ethylene receptor 1-like*, GenBank accession: AAF63755.1; V1 annotation: VIT_19s0093g00580), *VvETR2* (*Vitis vinifera ethylene receptor 2-like*, GenBank accession: CAN84042.1; V1 annotation: VIT_05s0049g00090), *VvCTR1* (*Vitis vinifera serine/threonine-protein kinase CTR1-like*, GenBank accession: CAO15968.1), *VvERS2* (*Vitis vinifera ethylene receptor 2*, GenBank accession: XP_002272649.1; V1 annotation: VIT_07s0005g00850) and *VvEIN3* (*Vitis vinifera protein ETHYLENE INSENSITIVE 3-like*, GenBank accession: XM_002276380; V1 annotation: VIT_06s0009g01380) were obtained from [@pone.0111258-Chervin1]. Primers for *VvERF12* (unnamed protein product; GenBank accession: CBI35177.3; V1 annotation: VIT_14s0081g00520) were designed using Primer3plus [@pone.0111258-Untergasser1]. Primers for *VvACO3* (*Vitis vinifera 1-aminocyclopropane-1-carboxylate oxidase 3-like*, GI: 359485521), *VvACS* (*Vitis vinifera 1-aminocyclopropane-1-carboxylate synthase-like*, GI: 359474170), *VvACS1* (*Vitis vinifera 1-aminocyclopropane-1-carboxylate synthase 1-like*, GI: 359489806), *VvACS3* (*Vitis vinifera 1-aminocyclopropane-1-carboxylate synthase 3-like*, GI: 359497339) were designed using Primer-BLAST tool available on NCBI webpage. Amplicon size was \<200 pb. PCR products were excised from an agarose gel, purified using Qiaex II (Qiagen) and sequenced. Primers sequences are listed in [Table 3](#pone-0111258-t003){ref-type="table"}. Arithmetic mean of *VvUBI1* and *VvGPDH* relative transcript abundance was 10^3^ times the relative transcript abundance of *VvETR1*, *VvETR2*, *VvERS1*, *VvEIN3* and *VvERF12*; 10^6^ times that of *VvCTR1*, *VvACS1* and *VvACS3*, and 10^2^ times that of *VvACO3* and *VvACS*.

10.1371/journal.pone.0111258.t003

###### RT-qPCR primers.

![](pone.0111258.t003){#pone-0111258-t003-3}

  Name                                          Primer sequences (5′ -- 3′)          References
  -------------------------------------------- ----------------------------- --------------------------
  *VvUBI1*                                        F:TCTGAGGCTTCGTGGTGGTA       [@pone.0111258-Wang1]
                                                  R:AGGCGTGCATAACATTTGCG     
  *VvGPDH*                                        F:TTGGCATTGTGGAGGGTCTT      [@pone.0111258-Arteca1]
                                                  R:TTCCACCTCTCCAGTCCTTCA    
  *VvETR1*                                       F:AGAACACCTATGCATGCCATCA     [@pone.0111258-Chervin1]
                                                 R:CTGCTCTTTAGGATGGCTTCAAC   
  *VvETR2*                                        F:CCAAAAGCATGGCTCTCGTT      [@pone.0111258-Chervin1]
                                                 R:TGGTTCAGAAATGTTGATTCCAA   
  *VvERS2* [\*](#nt103){ref-type="table-fn"}      F:GCCCCTCACTTTCAATCCAA      [@pone.0111258-Chervin1]
                                                  R:TGGACTCGCCATTTGTAAACG    
  *VvCTR1*                                        F:GCACAAACCTGGTGCAAGAGA     [@pone.0111258-Chervin1]
                                                   R:TCATGCCCTTGGCCACAT      
  *VvEIN3*                                        F:CTGGTGGGAGTGGATCTTTTG     [@pone.0111258-Chervin1]
                                                  R:CCTATCTCTGGCTCCTACGCC    
  *VvERF12*                                      F:TTGCAGCGGAGATTAGAGATCC            This study
                                                  R:AAATTCGTCTTGGCCTTGGG     
  *VvACO3*                                        F:CCGAGCCCACACTGATGCCG             This study
                                                  R:TGGAGTGGCGCATTGGAGGA     
  *VvACS*                                         F:ACCCGTTGGGGACAGTTCTGG            This study
                                                  R:GCCGGGTGAGCTGAAGACGG     
  *VvACS1*                                        F:GCCAGGAGGAGGCAGAGGCA             This study
                                                  R:GCGCGGACGAGTGGGGAATG     
  *VvACS3*                                      F:TCCTGGGATGGGAGGAATACGAGAA          This study
                                                  R:TGGGTTTTGTGCGAGCCAGGA    

\**ERS1* in the original paper [@pone.0111258-Chervin1].

Statistical analysis {#s4g}
--------------------

For berry volume, abscission percentage, polar auxin transport, ethylene content and transcript abundance measurements, three biological replicates were used. Tukey\'s media comparison analyses were performed in order to compare different conditions. For all the analyses, statistical significance was assessed using p value \<0.05.

Supporting Information {#s5}
======================

###### 

RT-qPCR Ct values for *VvUBI1* and *VvGPDH* genes.

(PDF)

###### 

Click here for additional data file.
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